Making diagnostic measurements available to the widely geographically spread populations in developing countries is a challenge which is unlikely to be met by the technology used in the west. Multi-frequency electrical impedance techniques are attractive in this context as the instrumentation is relatively simple and research has demonstrated application in cardiac and respiratory medicine and in the characterisation of epithelial tissues. The development of focused impedance measurement (FIM) techniques has potentially gone some way to overcome the complex spatial sensitivity distribution which has been one of the limiting factors in using electrical impedance techniques in diagnosis. This paper describes a simple low cost system based on FIM that can be maintained and repaired in the field by the researchers allowing the potential for electrical impedance based diagnostic technique in developing countries to be evaluated. The microcontroller based multi-frequency system for FIM uses synchronous demodulation which is implemented using IC components readily available in developing countries. The drive current was generated from a microcontroller at 16 different frequencies. A Howland V to I converter delivers current to the tissue. The peak value of the measured voltage signal is determined by a micro-processor controlled analogue synchronous peak detector. Measurements on resistive and reactive phantoms gave a resolution that would allow impedance changes reported in clinical studies (e.g. respiration, epithelial tissue characterization and abdominal fat thickness) to be measured with the system.
Introduction
The Focused Impedance Method (FIM) is a simple technique for impedance measurement that can localize a zone of high sensitivity beneath the centre of the electrode configuration [12, 13] . Numerical simulation together with phantom experiments have verified this sensitivity distribution for FIM in homogeneous, isotropic media [9, 12] . Single frequency FIM has been used in investigating lung ventilation and abdominal fat thickness [7, 11, 15] . More generally, multifrequency bioimpedance measurements have been used successfully in a variety of research applications including lung ventilation [5] , breast tumour screening [3, 10] , abdominal fat thickness [14] and cervical cancer detection [2] . These applications prompted the group in Dhaka to investigate the use of multi-frequency FIM for similar applications in the context of a diagnostic measurement technique for use in developing countries. Considering the socio-economic status of developing countries like Bangladesh, a low cost and reliable system is required that can be maintained and repaired in the field by the researchers in order to investigate the potential applications of the FIM technique. However, the limited local availability of even quite basic electronic components is a challenge. This paper presents the design and fabrication of instrumentation for a multi-frequency four-electrode FIM system constructed using low cost IC chips commonly available in Bangladesh.
Materials and methods

Specification
The design requirements, which are based on the published variation of tissue impedance with frequency (e.g. [1, 6, 10, 14] ), included: 16 measurement frequencies in the range 10kHz -1MHz; a complete set of multi-frequency measurements made in less than 40ms (25 measurement per sec) to allow dynamic cardiac studies; and to only use electronic components could be sourced locally within [16] could not be used and the design was based on analogue synchronous detection. Figure 1 shows the block diagram of the multi-frequency FIM system implemented.
Current drive section
In tetrapolar electrical impedance measurements, an alternating current of constant amplitude is injected into the body through two electrodes and the resulting voltage across two other electrodes is measured. To maintain the amplitude of the applied current constant, a current source with high output impedance is required. In the current drive circuitry of the designed FIM system, Microcontroller-I (ATmega8) in figure 1 was used to generate sinusoidal waves at 16 different frequencies ranging from 10 KHz to 1024 KHz. Digital (8bit) amplitude values of samples from a full cycle of a sine wave were calculated and stored in the programme memory of microcontroller-I. 25 sample points were used for 10 KHz -640 KHz whilst 15 points were used for 1024 KHz. These 8 bit binary amplitude values were then cyclically clocked through 8 I/O ports of microcontroller-I to a digital to analogue converter (DAC0808) where the clocking rate determines the frequency of the output signal. The analogue output from the DAC was passed to a modified version of the Howland current source [8] to maintain a high output impedance for the injected current.
Measurement section
A bioelectric amplifier (bioamp) was used to amplify the voltage signals from the body minimizing any common mode signal. The peak value of the measured voltage signal was determined by the analogue synchronous peak detection method illustrated in figure 2 . The signal from the bioamp was differentiated by passing it through an analogue differentiator, so there were a phase difference of 90 degree between the bioamp output (figure 2a) and the differentiator output (figure 2b) at all measurement frequencies. The differentiated signal was then passed through a voltage comparator to produce a square wave (figure 2c) where the falling edges corresponded to the positive peak values of the input signal. A monostable multivibrator was used to generate pulses of 70nS duration on the falling edges of the square wave. These pulses activated a circuit to sample and hold the peak values of the signal at the output of the bioamp (figure 2d). The rising edges of the monostable pulse also triggered the external interrupt of the microcontroller-II (figure 1) to start analogue to digital conversion (ADC). The ADC of the Atmega8 microcontroller required a minimum of 13.5μs for each conversion. No delay was necessary between the sample and hold acquiring data and the ADC commencing conversion because there was a 2 clock pulse delay between triggering the ADC and conversion starting during which the ADC was initialized. For measurement frequencies greater than 40 KHz, a trigger pulse was generated from the monostable before the ADC conversion of the previous 
FIM switching
The four-electrode FIM needed two tetrapolar measurements for each frequency where the direction of current drive and voltage measuring electrode pairs were altered [12] .
In the first measurement (figure 3), switch X was connected to terminal 1 and switch Y was connected to terminal 3 so that electrodes A and B were used to inject current whilst electrodes C and D were used to measure the resulting voltage. In the second measurement switch X was connected to terminal 2 and switch Y was connected to terminal 4, so current was injected through electrodes A and C and the voltage was measured across electrodes B and D. A digitally controlled analogue switch (MC14551B) was used for the switching and the sequence was controlled by an I/O port of Microcontroller-II.
Data acquisition
The Universal Synchronous and Asynchronous serial Receiver and Transmitter (USART) peripheral of the ATmega8 microcontroller was used to communicate with the personal computer used to acquire and process measurements. Microcontroller-II collected 10 consecutive peak values of the bioamp output through ADC conversion for each measurement frequency and then averaged them before sending the resultant value to the PC via a serial link. A serial to USB adaptor was used to connect the FIM system to the commonly available USB interface of PC. The ADC of the measurement microcontroller has 10 bits resolution and the most significant 8 bits of the averaged values were sent to PC for further analysis.
Results
To measure the output impedance (r o ) of the current drive section, two different load resistances R L were driven by the current at each frequency (figure 4).
If V 1 and V 2 were the voltage developed across R L =R 1 and R L =R 2 respectively, then:
and
and therefore, the output impedance (r o ) can be calculated using the following equation (3) .
The current source was designed to deliver 1 mA (p-p) and was measured to deliver this into a load resistance of up to 3kΩ before saturation. The output impedance of the current source was measured to be 387 kΩ for 10 kHz signal and 48 kΩ for a 1024 kHz signal. The common mode rejection ratio (CMRR) of the bioelectric amplifier used to amplify the voltage signal was 63dB and 37dB at 10 kHz and 1024 kHz respectively. The overall gain of the bioelectric amplifier was set to 50. The output voltage of the bioamp could not be greater than 5V in order to avoid exceeding the input voltage range of the ADC of microcontroller-II. However, if the bioamp output was less than 250mV, then the output of differentiator at 10kHz was too small to be detected by the voltage comparator. So the measurable input voltage range for the measurement section was 5mV to 100mV. Therefore, with the excitation current of 1mA the measurable range for a direct (as opposed to transfer) impedance measurement is 5Ω to 100Ω, a dynamic To test the accuracy and reproducibility of the measurement system, current was injected through various known resistor chains ( figure 5 ) and the corresponding impedance was measured at each frequency. Each measurement was repeated ten times to study the measurement reproducibility. The resistor R (figure 5) was set to 1kΩ to simulate the electrodetissue contact impedance. If the applied known resistance was R known and the resistance measured by the multi-frequency FIM system was R measured , then the percentage of error was calculated using equation (4) . Figure 6 shows the percentage error in the measured resistance values against the actual resistance values at four different frequencies. If the results at 1024kHz were ignored, the measurement error was well below 2.2%. Table 2 gives the results for the measurement reproducibility as the measured mean resistance and standard deviation against applied known resistance. With one exception the standard deviation of the measurements was less than 1Ω.
The circuit was also tested for capacitive loads by replacing the load resistor R known in figure 5 with a Cole-Cole model phantom (74Ω in parallel with 24Ω in series with 4.7nF). Figure 7 shows the measured impedance values against calculated impedance values for the Cole-Cole model phantom. Analysing the error between the measured and calculated impedance values for this phantom showed that the maximum error was 2Ω.
The software of the system was developed so that it continuously and serially measures the FIM values at all 16 frequencies. Approximately 16 ms was needed for one set of FIM measurements which allows a monitoring rate of 62.5Hz.
Discussion and conclusion
Multi-frequency instrumentation for the medical application of the Focused Electrical Impedance Method suitable for use in developing countries is described which uses locally available, inexpensive, circuit components so that researchers in the field can maintain it. Table 2 : Mean vales of the measured resistances with standard deviation against applied known resistances. The output impedance of the current generator fell from better than 350kΩ at 10kHz to 48 kΩ at 1MHz just below the 50kΩ specified. At 1MHz the contact impedance will be very much smaller than that at 10kHz. A maximum load impedance of 3kΩ for a current drive of 1mA is not a problem with skin electrodes as the contact impedance encountered by the current source will be less than this at all measurement frequencies. For epithelial tissue measurements the electrodes will be smaller and closer together (e.g. [6] ) and the drive current will need to be reduced to prevent local tissue heating due to a high current density. Other studies (e.g. [6] ) have used 10's of µA for the drive current in such measurements giving maximum contact impedance well below the output impedance of the current source at the highest frequencies. However, even with electrodes less than 1mm in diameter the contact impedance should be less than 5kΩ at 1MHz and therefore the output impedance of the system is adequate. An improvement in the output impedance of the current generator at the higher frequencies will only be achieved by using higher frequency op-amps.
The gain of the analogue differentiator circuit used in the measurement section was frequency dependant and it was found that three differentiators with different component values were needed to cover the entire frequency range. The differentiator appropriate to a particular frequency was selected by Microcontroller-II. A measurement dynamic range of 1:20 was achieved which is below the specified range of 1:25. This together the measurement accuracy problems at 1MHz was the result of the limited range of electronic devices, particularly high speed, low noise op-amps available. The lack of suitable op-amps was a considerable challenge in achieving the final design. It should be noted that all multi-frequency impedance measurement systems have used some form of digital demodulation (e.g. [16] ) and the use of analogue demodulation was a considerable challenge within itself. The gain of the bioelectric amplifier was set to 50. Although not currently implemented, a switched gain with the gain controlled from microcontroller-II could be implemented. As the switching would be under microprocessor control and the amplifier output was digitized by the same microcontroller, it would be possible to implement an automatic gain control.
To ensure patient safety all patient connections on electromedical equipment should be electrically isolated from the mains supply. The multi-frequency FIM system described in this paper required a total current of approximately 200mA from a ±7V supply. The need for electrode switching under microprocessor control means that the voltage measurement and current source sections cannot be easily isolated from the other parts of the system. Therefore the whole measurement system must be powered from a medical grade isolated power supply. Isolation between the measurement system and the PC used to collect data was then achieved by using optocouplers on the serial data lines which connect the two. In addition, all electrode connections were ac coupled to prevent dc currents passing to the patient.
The multi-frequency FIM system has been developed with the aim of assessing the utility of FIM in diagnosing lungs disorders, breast cancer, cervical cancer and measuring abdominal fat thickness in developing countries. Pneumonia and TB are common lungs diseases in developing countries, especially amongst children. So a small, low cost, noninvasive system has the potential to benefit a large number of people, particularly those living in the rural areas where modern healthcare facilities are not available. A previous study on lungs [1] has shown that respiratory related thoracic impedance changes at different frequencies are all above 1Ω and that the impedance associated with alveolar edema was 35% below an initial impedance value of 21Ω [4] . These impedance changes are well above the resolution of the FIM system described in this paper which has a measurement standard deviation of <1Ω and thus these changes can be detected. For abdominal fat thickness measurements, a sensitivity of around 1.3Ω mm -1 has been reported [14] . Therefore, based on the results presented in table 2 changes in abdominal fat thickness of approximately 1mm can be detected. For cervical tissue measurements the injected currents will be much smaller and the measurements made with small electrodes which are close together. GonzalezCorrea et. al. [6] used a current injection of 20µA for measurements in the esophagus and obtained transfer impedances of around 4kΩ for squamous epithelial tissues and 12kΩ for columnar tissues (estimated from quoted resistivity values of 4 Ω-m and 12 Ωm values respectively). Scaling the results in table 2 for a 20µA current drives means that the measurement system described in this paper is capable of differentiating between squamous epithelial and columnar tissues.
Therefore, the performance of the measurement device described in this paper is adequate to undertake field trials in the areas of TB, abdominal fat thickness and cervical cancer detection.
